Tuberculosis (TB) is a major public health concern worldwide with over 2 billion people currently infected. The rise of strains of Mycobacterium tuberculosis (Mtb) that are resistant to some or all first and second line antibiotics, including multidrug-resistant (MDR), extensively drug resistant (XDR) and totally drug resistant (TDR) strains, is of particular concern and new anti-TB drugs are urgently needed. Curcumin, a natural product used in traditional medicine in India, exhibits antimicrobial activity that includes Mtb, however it is relatively unstable and suffers from poor bioavailability. To improve activity and bioavailability, mono-carbonyl analogs of curcumin were synthesized and screened for their capacity to inhibit the growth of Mtb and the related Mycobacterium marinum (Mm). Using disk diffusion and liquid culture assays, we found several analogs that inhibit in vitro growth of Mm and Mtb, including rifampicin-resistant strains. Structure activity analysis of the analogs indicated that Michael acceptor properties are critical for inhibitory activity. However, no synergistic effects were evident between the monocarbonyl analogs and rifampicin on inhibiting growth. Together, these data provide a structural basis for the development of analogs of curcumin with pronounced anti-mycobacterial activity and provide a roadmap to develop additional structural analogs that exhibit more favorable interactions with other anti-TB drugs.
Introduction
TB is a major public health concern, with over 2 billion people currently infected, 8.6 million new cases per year, and more than 1.3 million deaths per year. The current drug regimen combination for TB consists of isoniazid, rifampicin, ethambutol, and pyrazinamide, administered over six months [1, 2] . Although this treatment has a high success rate, the utility of this regimen is limited by compliance issues, which has resulted in the rise of strains that are resistant to some or all of the first and second line antibiotics [3] . These strains, called MDR, XDR, and TDR Mtb, have worse disease outcome [4] . Recent efforts in TB drug development have resulted in the discovery of new therapeutics including bedaquiline, which retain activity against MDR and XDR strains. However, additional drugs are urgently needed.
Natural products and their plant-derived analogs are often a source of drugs or drug templates with limited toxicity, which has the potential to mitigate compliance issues during protracted administration. One natural product candidate of interest is curcumin [1,7- bis(4hydroxy-3-methoxy phenyl)-1,6-heptadiene-3,5-dione], a phenolic compound originally extracted from the plant Curcuma longa and the primary component of the spice turmeric [5, 6] (Fig. 1 ). For centuries, various Asian cultures have used curcumin as a traditional medicine to treat numerous disorders, particularly those associated with the skin and digestive tract. Curcumin has been found to have anti-cancer and anti-inflammatory properties, but the comparative action of mono-carbonyl derivatives demonstrates the superior efficacy of this class of molecules [7] [8] [9] [10] . Moreover, curcumin inhibits the growth of various microorganisms including Escherichia coli, Bacillus subtilis, Helicobacter pylori, and Mtb [11] [12] [13] . In addition, curcumin acts synergistically with co-administered antibiotics to suppress growth of Staphylococcus aureus in vitro [14] . While curcumin inhibits growth of various bacterial species, this effect requires a relatively high inhibitory concentration [IC] compared to other antimicrobial agents, which is not achievable in vivo due to limited bioavailability [15] and chemical instability [16] [17] [18] .
One approach to overcome these limitations and improve the inhibitory activity of curcumin is to develop structural analogs [10, 19, 20] . Curcumin has three sectors that can be targeted for modification: the β-diketone moiety, the aromatic rings, and the flanking double bonds conjugated to the β-diketone moiety. We evaluated a series of monocarbonyl analogs ( Fig.  1 ) for their capacity to inhibit growth of the pathogenic mycobacteria Mtb and Mm.
Experimental procedures

Chemicals
All compounds were prepared by previously described methodology [20, 21] . Briefly, the monocarbonyl analogs were generated by allowing the ketones to react with a variety of aromatic aldehydes under basic aldol condensation conditions. The structures of the final products (>95% pure, Fig. 1 ) have been characterized by standard analytical techniques as previously reported: UBS-109 [22] [23] [24] [25] , ECMN-909 [25] , ECMN-951 [25] , EF-31 [21, 23, 26] , SEF-31 [21, 27] , EF-24 [20, 21, 28] , U2-289 [29] and U2-260 [30] . Curcumin (≥94% curcuminoid content, ≥80% curcumin), Rifampicin and dimethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis, MI).
Bacterial strains, and growth conditions
Mycobacterium tuberculosis strain H37Rv, H37Rv-RifR, and Beijing F2, and Mycobacterium marinum strain 1218R were grown in Difco Middlebrook 7H9 broth (Becton, Dickinson, and Company, Sparks, MD) supplemented with BBL Middlebrook ADC Enrichment (Becton, Dickinson, and Company, Sparks, MD) and 0.5% Tween 80 (Mtb) or 0.025% Tween 80 (Mm) (7H9-ADC broth). Difco Middlebrook 7H10 agar (Becton, Dickinson, and Company, Sparks, MD), supplemented with 10% oleic acid-albumindextrose-catalase (7H10-OADC) was used for Mm. Stocks of Mm were grown at 30 °C in 5% CO 2 until OD 600 of 0.8, centrifuged, the supernatant removed, and the bacteria resuspended in fresh 7H9 broth. Aliquots were stored at −80 °C. For some experiments, strains with mutations that rendered M. marinum (1218R rifR ) or Mtb (H37Rv rpoBH526Y ) resistant to rifampicin were used [31] .
Disk diffusion assay
Mm was grown in 7H9 broth until it reached an OD 600 of 0.35. The culture was diluted to OD 600 of 0.04, and 100 μL of the diluted stock was spread on 7H10 plates. The plates were allowed to air dry for 10 min. Next, sterilized round filter paper (6 mm diameter BBL disks; Becton, Dickinson, Sparks, MD) was placed in the center of each plate, to which 10 μl of a particular curcumin analog (100 mM in DMSO or sterilized water) was added. Three plates were assessed for each analog. The plates were then incubated at 30 °C in 5% CO 2 for 7 days, after which time the extent of the zone lacking bacteria around the filter was measured ("zone of inhibition").
Determination of 50% inhibitory concentration (IC 50 ) for curcumin analogs against Mm and Mtb
Mm was grown in 7H9-ADC broth until OD 600 of 0.35 and then diluted to an OD 600 of 0.04. Cultures were grown for 72 h in 7H9-ADC broth containing no drug, 1% DMSO (vehicle control), or curcumin analogs (UBS-109, EF-24, EF-31, and ECMN-909 in DMSO) in concentrations of 0.780 μM, 1.560 μM, 3.125 μM, 6.250 μM, 12.5 μM, 25 μM, 50 μM, or 100 μM in duplicate. The percent inhibition was normalized to the level achieved with the vehicle alone. Mtb strains H37Rv, H37Rv-Rif R , and Beijing F2 were grown to mid-log in 7H9-ADC broth and then diluted to an OD 600 of 0.05. Cultures were grown in 7H9-ADC broth containing no drug, 1% DMSO, or curcumin analogs (UBS-109 and EF-24) in concentrations of 1 μM, 5 μM, 10 μM, 20 μM, or 50 μM in triplicate. Growth was determined by measuring the OD 600 of cultures for 14 days using a spectrophotometer.
Determination of synergistic effects of UBS-109 and rifampicin on Mm
Cultures of Mm were grown in 7H9-ADC broth containing no drug, 1% DMSO (vehicle control), rifampicin alone at various concentrations (4 μg/mL, 2 μg/mL, 1 μg/mL, 0.5 μg/mL, or 0.250 μg/mL), or rifampicin at various concentrations in combination with UBS-109 at various concentrations (6.250 μM, 12.5 μM, 25 μM, 50 μM, or 100 μM) in duplicate. Growth was determined by measuring the OD 600 of cultures after 72 h using a spectrophotometer. The data was normalized to the vehicle control. Synergy was determined by comparing combination treatments to rifampicin-only and UBS-109-only. Statistical analysis was done using nonparametric ANOVA. Values less than or equal to 0.05 were considered statistically significant.
Results
Evaluation of monocarbonyl analogs against Mm
A series of monocarbonyl analogs ( Fig. 1 ) were synthesized and screened for antimycobacterial properties using a disk diffusion assay. After 7 days, the diameter of the circular zone surrounding the disk that remained free of bacterial growth (the "zone of inhibition") was measured for each analog ( Fig. 2A) . Monocarbonyl analogs displayed a range of effects, with some showing little inhibition of growth compared to curcumin (e.g. U2-260) whereas others inhibited growth to substantially greater extent (e.g. UBS-109). By comparison, the vehicle control had no effect. To further characterize the growth inhibitory effect of these analogs, Mm was cultured in liquid media in the presence of various concentrations of UBS-109 or EF-24 for 72hr and the OD 600 measured at various time points (Fig. 2B ). The IC 50 was determined from these data to be 10 μM for UBS-109 and 25 μM for EF-24.
A Michael acceptor is required for anti-mycobacterial activity
While differences in solubility and diffusion through 7H10 agar may contribute to the variability in zones of inhibition, the ability of compounds with diverse substitution to inhibit Mm is most likely influenced by variation in protein target-ligand interactions, as has been suggested for kinase inhibition [21] . Comparison of the structural features of the analogs (Fig. 1) as it affects bacterial growth indicates that variability of all three domains within the molecules, the aromatic rings, the central ring or the Michael acceptor, can regulate antimicrobial activity. However, the Michael acceptor, comprised of two unsaturated C=C bonds flanking the carbonyl group, is known to be a highly active structural component of these analogs and is likely to play a key role in their antimicrobial activity [32] [33] [34] [35] .
To further elaborate the relationship between the Michael acceptor and antimicrobial activity, we evaluated two additional analogs, ECMN-909 and ECMN-951, in which the conjugated unsaturated ketone is altered or eliminated. Both are metabolites identified in an in vitro study of UBS-109 in liver S9 fractions from five different species [25] . ECMN-909 contains only one double bond flanking the carbonyl, which reduces the capacity of the molecule to undergo Michael additions. Likewise, ECMN-951 contains no flanking double bonds (Fig. 1) , and cannot participate in a Michael reaction. In disk diffusion assays, ECMN-909 displayed the second largest zone of inhibition amongst all analogs (4.6 ± 0) mm compared to 5.7 mm for UBS-109; however, no zone of inhibition was evident with ECMN-951. Liquid culture assays confirmed these results, and indicated that ECMN-909 was somewhat less effective in inhibiting bacterial growth (IC 50 = ~50 μM) compared to UBS-109 (IC 50 = 10 μM) ( Fig. 2C ). Together, these data suggest that the terminal aromatic rings and the central 6-membered ring can influence the antimicrobial activity of UBS-109, but the Michael acceptor is required. It also suggests that the dominant and first reduced metabolite (ECMN-909) is likewise a reasonably effective anti-TB agent. We speculate that a similar train of events may apply to the other analogs in Fig. 1. 
Curcumin analogs are not synergistic with rifampicin
To determine whether UBS-109 exhibits a synergistic effect when co-administered with a key anti-tuberculosis drug, Mm was cultured in the presence of rifampicin, UBS-109 or a combination of the two in various concentrations. As shown in Fig. 3 , high concentrations of rifampicin or UBS-109 inhibited growth of Mm, whereas less inhibition was evident at lower concentration of either drug alone (6.25 μM for UBS-109 and 0.3 μM for rifampicin). When delivered in combination at low concentrations, no significant difference was evident compared to either drug alone. Together, these data suggest that no synergistic interaction occurs upon co-administration of UBS-109 and rifampicin.
Evaluation of curcumin analogs on rifampicin-resistant Mm
To determine whether curcumin analogs can be used to treat drug-resistant mycobacterial species, we evaluated the ability of UBS-109 to inhibit the growth of a rifampicin-resistance strain of Mm (Mm rif ). Using liquid culture assays, we grew Mm rif in the presence of DMSO, rifampicin or UBS-109. As a control, rifampicin was found to have no effect at any concentration on inhibiting the growth of Mm rif . As shown in Fig. 4 , UBS-109 inhibited growth of Mm rif with an IC 50 of ~4 μM.
Evaluation of curcumin analogs on M. tuberculosis
To validate the effects of UBS-109 on other clinically relevant mycobacteria, we tested the effects of UBS-109 and EF-24 on several Mtb strains using the disk diffusion and liquid assays ( Fig. 5 ) with two different Mtb strains, H37Rv or Beijing F2. A representative disc diffusion assay with H37Rv is shown in Fig. 5A , and UBS-109 induced a marked zone of inhibition. Data from H37Rv or Beijing F2 grown in the presence of various concentrations of UBS-109 or EF-24 for two weeks and the OD 600 measured daily are shown in Fig. 5B -G. The data indicate that UBS-109 inhibits the growth of H37Rv with an IC 50 of ~10 μM, and the Beijing strain with an IC 50 of 20 μM (Fig. 5B, C) . EF-24 also blocks Mtb, though not as effectively as UBS-109 (IC 50 of ~20 μM for H37Rv and 50 μM for Beijing stains; Fig. 5D , E). Finally, the effect of UBS-109 and EF-24 on the rifampcin-resistant Mtb (H37Rv RifR) was evaluated. UBS-109 depletes H37Rv RifR Mtb with an IC 50 of ~7 μM (Fig. 5D ). EF-24 also blocks the rifampicin-resistant Mtb strain, though with lower efficacy compared to UBS-109 (IC 50 of 20 μM; Fig. 5G ). These data suggest that curcumin analogs are as effective against Mm in culture as they are against Mtb H37Rv, but less effective against Mtb Beijing.
Discussion
The use of curcumin as a potential therapeutic for TB has been discounted because of poor bioavailability. One approach to overcoming this disadvantage is the synthesis and bioevaluation of structural variations of curcumin such as members of the mono-carbonyl family depicted in Fig. 1 . Analogs developed by our group and others display a range of pharmacological effects against a variety of diseases [7] [8] [9] [10] 22, 24, 26] and may have improved bioavailability compared to curcumin [22, 28, 36] . To date, only one member of this class, EF-24, has been subjected to both bioavailability evaluation and pharmacokinetics treatment. The bioavailability of the compound falls at 35% and 60% in i.p. and oral experiments, respectively [28] . The corresponding i.p. and p.o. pharmacokinetics parameters (T max , C max , t½ and AUC; Table 1S , supporting information) for EF-31 [36] and UBS-109 [28] are quite similar to those for EF-24 suggesting a comparable bioavailability.
In the present work we show that monocarbonyl curcumin analogs also inhibit growth of pathogenic mycobacteria species (Mtb and Mm). UBS-109 exhibited the best inhibitory effect, as determined by its IC 50 and its activity against two species of pathogenic mycobacteria. UBS-109, and several other analogs deliver significantly lower IC 50 values compared to curcumin, which has been reported to inhibit growth of Mtb [13] . We have established that all three structural domains of the analogs (Fig. 1) can be tailored to influence anti-mycobacterial activity. This observation carries over to anti-cancer and antiinflammatory effects by this family of analogs as well [10, 19, [21] [22] [23] [24] 26] . First, the presence of a mono-carbonyl group linking the aromatic rings in these analogs improved growth inhibition in comparison to curcumin, which incorporates keto-enol functionality at the center of the structure (Fig. 1) . Furthermore, the data suggests that fluoro-substitution of the aromatic ring reduces anti-mycobacterial activity by ~2-fold compared to UBS-109. Since the drug-target proteins of Mtb have yet to be identified, it is not yet clear what type of protein-ligand interactions within the bacteria are responsible for the halogen's modest reduction of antibacterial activity.
Perhaps the most important structural characteristic of these analogs is the two unsaturated bonds flanking the carbonyl, which constitute a double Michael acceptor. In general, this domain is required for biological activity of curcumin analogs. While it is recognized that these bonds are required for most biological effects, they also represent a potential limitation in the usefulness of such compounds as therapeutics. Michael acceptors can render compounds unstable and facilitate their degradation. In addition, Michael acceptors can in principle undergo numerous reactions with proteins, which can contribute to nonspecific effects, including toxicity [32] . This limitation may likewise complicate the use of these particular curcumin analogs in treating TB patients. In spite of these observations, the rifamycin family of antibiotics, including Rifampicin (Fig. 3) , are unsaturated amides and, thus, Michael acceptors themselves. Two clinically valuable members of the series, Rifabutin and Rifalazil, contain a second masked Michael acceptor in their naphthoquininoid rings, a feature pictured by one of the tautomers of Rifampicin as well. Recent re-evaluation of the presence of Michael acceptors in potential drugs, some of which are in medical use, suggests that such drawbacks can be overcome [32] [33] [34] [35] 37] . Our data concur with previous studies by Changtam et al., who showed that the elimination of unsaturated bonds within curcumin decreased anti-mycobacterial activity [13] .
Currently, a major impediment to TB treatment is the rise of strains that are resistant to some or all first and second line antibiotics. Our data indicate that monocarbonyl curcumin analogs are effective against rifampicin-resistant strains of Mtb and Mm. Currently, drug regimens for TB consist of combinations of drugs, which reduce the likelihood of developing antibiotic resistance. The development of new therapeutics that displays synergy with co-administered antibiotics is of obvious benefit. While attractive as a therapeutic against Mtb and Mm, no additive or synergistic effect was evident when UBS-109 was administered in combination with rifampicin. Nevertheless, the prospect remains that examination of additional analogs may permit structural insights that could guide the design of analogs that do display synergistic effects when combined with other anti-TB drugs. In this context we anticipate sampling a wider range of classical antibiotics with a broader collection of monocarbonyl analogs of curcumin in search of combinations that reduce the possibility of Mtb developing resistance to both drugs.
The present study has focused on the effects of a number of monocarbonyl analogs of curcumin on bacterial growth in vitro. Future work will characterize effects of these analogs on Mtb infection in vivo. Importantly, this class of compounds has been implicated in regulating a myriad of cellular processes in mammalian cells [10] . Thus, the efficacy of these compounds in vivo may depend on whether these pathways impact Mtb infection. In this regard, curcumin has also been found to inhibit inflammatory responses; however agents that disrupt inflammation can have both positive and negative effects on Mtb infections [38] . Nevertheless, development of a new analog that facilities the clearance of Mtb by targeting both bacterial and host cellular pathways may represent a novel means to treat Mtb strains that are resistant to conventional anti-TB drugs.
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